Abstract.-Bootstrapping is a common method for assessing confidence in phylogenetic analyses. Although bootstrapping was first applied in phylogenetics to assess the repeatability of a given result, bootstrap results are commonly interpreted as a measure of the probability that a phylogenetic estimate represents the true phylogeny. Here we use computer simulations and a laboratory-generated phylogeny to test bootstrapping results of parsimony analyses, both as measures of repeatability (i.e., the probability of repeating a result given a new sample of characters) and accuracy (i.e., the probability that a result represents the true phylogeny). Our results indicate that any given bootstrap proportion provides an unbiased but highly imprecise measure of repeatability, unless the actual probability of replicating the relevant result is nearly one. The imprecision of the estimate is great enough to render the estimate virtually useless as a measure of repeatability. Under conditions thought to be typical of most phylogenetic analyses, however, bootstrap proportions in majority-rule consensus trees provide biased but highly conservative estimates of the probability of correctly inferring the corresponding clades. Specifically, under conditions of equal rates of change, symmetric phylogenies, and internodal change of 520% of the characters, bootstrap proportions of 270% usually correspond to a probability of 295% that the corresponding clade is real. However, under conditions of very high rates of internodal change (approaching randomization of the characters among taxa) or highly unequal rates of change among taxa, bootstrap proportions >50% are overestimates of accuracy.
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FIGURE1.
The relationships among a true phylogeny, samples of characters drawn from the taxa, bootstrap pseudosamples drawn from an initial sample, and the concepts of precision, accuracy, and repeatability.
proportions and the probability of obtaining a true clade in parsimony analyses under a variety of tree topologies and rates of change.
REPEATABILITY, ACCURACY, A N D PRECISION
Before evaluating the performance of bootstrapping, it is necessary to distinguish among the terms "repeatability," I / accuracy," and "precision." The meaning of these terms as they relate to bootstrapping is illustrated in Figure 1 . Given an actual phylogeny of organisms, one could sample a set of characters among the taxa and then estimate the phylogeny from this sample. Bootstrapping is then used to create a set of pseudosamples by drawing characters from this initial sample with replacement. Phylogenetic analyses of these pseudosamples support a set of relationships for various clades; potential clades may appear in all, some, or none of the analyses based on the pseudosamples. We will refer to the proportions at which each clade is represented in these analyses as the bootstrap proportions (sometimes misleadingly called "bootstrap P values"). The precision of bootstrapping is the degree to which bootstrap proportions based on a finite set of pseudosamples are expected to match the values that would be obtained from an infinite set of pseudosamples. The sampling variance of bootstrap proportions follows the binomial distribution, such that u2 = P(1 -P ) l n , where P is the bootstrap proportion and n is the number of replications (Hedges, 1992) . Hedges (1992) called this relationship "accuracy" with respect to phylogenetic analyses, but this is not within the usual meaning of this term (and he no longer follows this terminology, e.g., Hedges and Maxon, 1993) .
Instead, we use accuracy to refer to the probability that a specified group is contained in the true phylogeny. Although the use of bootstrap proportions as a measure of accuracy has not been explicitly defended in print, they are commonly treated as such in the framework of hypothesis testing. In his original paper, Felsenstein (1985) suggested that the bootstrap proportions could be used as a measure of what we will call repeatability: the probability that a specified group will be found in an analysis of an independent sample of characters. If a group of interest is found in a phylogenetic analysis, an estimate of the repeatability of this result would tell us how likely we would be to find the same result in an identical analysis of a new sample of characters. Thus, as used in this paper, precision relates to the FIGURE2. Simulated phylogenies. The letters correspond to branch lengths shown in Tables 1 and 2. (a) Phylogeny for simulations 1-9 for nine taxa (Table  1) .(b) Phylogeny for simulation 10 for nine taxa (Table 1). (c) Phylogeny for simulations 11-21 for four taxa (Table 2) .
correspondence between multiple sets of bootstrap pseudosamples taken from the same initial sample, accuracy is the probability that a given result represents the true phylogeny, and repeatability is the probability that a given result will be found again using a subsequent sample of characters.
Of these concepts, only the precision of bootstrapping has been examined to date with respect to phylogenetic analysis; the precision of any given bootstrap analysis has a simple relationship to the number of pseudosamples (see above and Hedges, 1992) . Hedges (1992) recommended performing 400-2,000 bootstrap replications "if one wishes the expectation to be that the 95% confidence range is +1%of the BP" (where BP = bootstrap P value, or bootstrap proportion of our terminology). However, to what does the "95% confidence range" apply? The findings of Hedges relate not to accuracy or repeatability but to the precision of bootstrapping: the number of pseudosamples needed to obtain an estimate (of specified precision) of the bootstrap proportions that would be obtained after an infinite number of pseudosamples. However, if the bootstrap proportions are not good estimates of accuracy, repeatability, or some other useful measure, it makes little sense to worry too much about precision. A highly precise estimate of an inaccurate measure is of little importance. Therefore, we will focus on the interpretation of the bootstrap proportions: how do they perform as measures of either accuracy or repeatability?
To evaluate bootstrap proportions as measures of accuracy and repeatability, knowledge of the true phylogeny and ability to take true replicate samples are necessary. We have used two systems to meet these requirements: simulations and a laboratory-generated phylogeny of viruses.
Simulafions
Ten nine-taxon phylogenies were simulated 100 times each (Figs. 2a, 2b ; Table  I ), and 11 four-taxon phylogenies were simulated 1,000 or 10,000 times each ( Fig.  2c ; Table 2 ). In each simulation, the ancestral node was assigned a DNA sequence with equal proportions of all four nucleotides, from 50 to 1,000 nucleotides in length. Branch lengths of the trees were assigned values between 1 and 10 units inclusive, with a unit equal to an assigned rate of change. The rate of change along a unit branch length (R) was varied from 4% to 75%; therefore, the instantaneous rates of change (r) varied from 5.5% to infinity, because R = 0.75(1 -e-'). The ratio of transitions :transversions was varied from TABLE 1. Relative branch lengths and rates of mutation for simulated phylogenies of nine taxa. These simulations were each replicated 100 times, and 100 bootstrap pseudoreplicates were generated for each replicate. 1:2 (equal probability of all base changes) to 10:l (strong bias in favor of transitions).
In three sets of simulations (numbers 15-17, Table 2 ), the rate of change and the transition :transversion ratio were set to produce random DNA sequences for each taxon (i.e., no phylogenetic signal). The 21,000 simulated phylogenies were generated with a program written in C (TREES, available upon request) and compiled on a Sun SPARC station 1 +.
Bacteriophage Phylogeny
Generation of the phylogeny of T7 bacteriophage was described by . The design of the experiment was identical to the topology in Figure 2a , with relative branch lengths equal to those in simulations 1-4 (Table 1 ). The ancestral taxon was wild-type bacteriophage T7 (with a total genome of 39,937 base pairs [bp] of DNA). The descendant lineages were grown in the presence of a mutagen (nitrosoguanidine), which produces an excess of GC -AT changes, although all combinations of mutations are possible. The phage at each node was obtained from a single plaque to ensure that all descendants were derived from the same ancestor (see , for further details).
The entire genomes of the phages at each node of the phylogeny were mapped for 34 restriction enzymes (with 4-, 5-, and 6-bp recognition sites). Three deletions and 290
restriction sites were mapped, of which all of the deletions and 199 restriction sites were variable among the lineages. Previous study has shown that standard methods of tree construction using this matrix of restriction sites produce the correct (known) branching relationships.
Bootstrapping
Each of the 21,000 matrices from the simulations was analyzed by bootstrapping with 100 replicates using the software TABLE 2. Simulations based on four-taxon trees with equal branch lengths (Fig. 2c ). These simulations were each replicated 1,000 times, except for simulation 21, which was replicated 10,000 times, and 100 bootstrap pseudoreplicates were drawn from each replicate. Percentage of tree A FIGURE3. Bootstrap proportions as estimates of repeatability in phylogenetic analysis. (a) Results of 1,089 bootstrap analyses (100 pseudoreplicates each) on 1,089 actual replicates from simulation 21 (Table 2) . Results shown are the proportions of the initial tree (tree A, which is the correct tree) found in each of the 1,089 analyses. (b) Proportions of solution A (the correct tree) in 100 samples of 100 actual replicates of simulation 21. The probability of estimating tree A from any given replicate is approximately 70%; samples of 100 actual replicates produce estimates of this value of 6040%. In contrast, estimates of repeatability based on 100 bootstrap pseudoreplicates range from 0% to loo%, depending on the initial sample examined.
package PAUP 3.0q (Swofford, 1990) . With 100 replicates, the sample variance of the bootstrap proportions (BP) ranges from a maximum of 0.0025 (at 50% BP) to a minimum of 0 (at 0 and 100% BP) (Hedges, 1992) . Because the mean bootstrap proportions reported in this study are based on >100 replicates each, the standard error of the means is no greater than 0.005 for any value. The branch-and-bound algorithm was used in the bootstrap runs to ensure that all most-varsimonious trees were found. We also found the most-parsimonious trees for each matrix, so that the bootstrap proportions could be compared with the probability of finding the-same result through repeated sampling of characters from the underlying distribution (repeatability). In addition, the collection of bootstrap-estimates was compared with the known phylogenies to study the relationship between bootstrap proportions and the probability of correctly estimating phylogeny (accuracy).
To produce data matrices of phage restriction-site characters that were comparable to the simulations, we jackknifed (sampled characters without replacement) the complete matrix from the T7 phage study to produce 500 subsamples of 50 characters each. Each of these matrices was then analyzed by bootstrapping as above so that the bootstrap proportions could be compared with the probability of obtaining a true clade.
How well do bootstrap proportions represent the proportions that would be obtained from the independent samples that the bootstrap aspires to represent? This question was evaluated directly. Bootstrap proportions were calculated for a single model phylogeny (simulation 21, Table 2 ). Each bootstrap proportion was based on 100 pseudoreplicates of a data matrix. The distribution of this bootstrap proportion statistic is shown in Figure 3a . For comparison, the distribution of the analogous sample proportion was also calculated. A sample proportion is the fraction of correct reconstructions from 100 independent data matrices (without any pseudoreplication). The distribution of the sample proportion is shown in Figure 3b .
Comparison of these two distributions reveals that the process of bootstrap resampling is not the same as repeated, independent sampling of data. The means of both distributions are similar, but the variance of the bootstrap distribution is much greater. The larger variance of the bootstrap proportion arises because of the bias inherent in the sample used for the 100 pseudoreplicates in each bootstrap proportion. Bootstrapping as a general statistical procedure provides a biased estimate of the mean, and consequently, bootstrapping is typically used to estimate the variance. Yet in the present case, which is one of binomial sampling, the variance is not independent of the mean, further complicating the use of bootstrapping.
What do these distributions indicate about repeatability? From our definition, the repeatability of recovering the correct tree is approximately 70% (the mean), and both distributions give similar values. However, the variance of the bootstrap proportion is so large that any single value is unreliable: we could easilv obtain bootstrap proportions near 0 or 100. Use of a single bootstrap proportion as a measure of repeatability is therefore unreliable in this case.
We repeated similar analyses for each of the simulations in Tables 1and 2, and the bootstrap proportions are unreliable estimates of repeatability unless repeatability is near 100% (in which case both distributions cluster near the right-hand side of the scale). Unfortunately, a value of 100% in a bootstrap analysis is not informative about repeatability because such an estimate is likely to arise when the true repeatability value is considerably lower (e.g., see Fig. 3 ). When repeatability is appreciably less than loo%, the size of the initial sample of characters has little effect on the quality of the estimates. However, increasing sample size does tend to force the true repeatability toward 100%. Figure 3 indicates that bootstrap proportions are not good estimates of the repeatability of a given phylogenetic analysis. However, under most circumstances systematists are interested in accuracy more than repeatability. A phylogenetic analysis may be highly repeatable but always produce the wrong answer (e.g., the conditions described by Felsenstein, 1978) . (Table 1) .
REPEATABILITY VERSUS ACCURACY
However, if a technique only provides an unambiguous answer when it is likely to be correct, then the technique may be accurate even though the result is obtained in only a small percentage of trials. Although bootstrapping was introduced as a measure of repeatability, bootstrap results commonly are interpreted as a measure of accuracy (e.g., in a framework of hypothesis testing). Therefore, we examined the possibility of a relationship between bootstrap proportions and the probability of obtaining a correct clade.
The relationship between bootstrap proportions and probability of the corresponding clade being correct is shown for simulations 1-4 in Figure 4a . This figure shows that estimated internal branches with bootstrap proportions above 70% represent true clades over 95% of the time (for the conditions tested in these simulations). In fact, the bootstrap proportions are lower than the probability of being correct for all estimates above 50% in these simulations. Although the probability of character change (over the tested range of 4-VOL. 42
Bootstrap prOpORlOnS FIGURE 5. Relationship between bootstrap proportions and the probability of the corresponding clade being correct for the laboratory-generated phylogeny of nine taxa derived from bacteriophage T7. The diagonal line indicates direct correspondence between x and y axes.
20% change between nodes) has little effect on the relationship between these two variables, it does affect the likelihood of obtaining a bootstrap proportion within a given range (Fig. 4b) . For instance, one is twice as likely to obtain a clade with a bootstrap proportion of at least 90% if the probability of change between nodes is 10% than if it is 4% or 20% (Fig. 4b) . Nonetheless, almost every internal branch with a bootstrap proportion of >80% defined a true clade in all these simulations, and >95% of the estimated clades with bootstrap confidence limits above 70% were correct (Fig. 4a) . Therefore, under these conditions, bootstrapping provides a biased but highly conservative estimate of accuracy.
Simulations are sometimes criticized because of the numerous simplifying assumptions they must incorporate (Hillis et al., 1993) . Experimental phylogenies of actual organisms, generated in the laboratory so that the actual phylogeny is known, are a step closer to reality. We have generated such a phylogeny (using bacteriophage T7) for conditions similar to simulations 1-4 . We jackknifed the complete data matrix for this actual phylogeny to produce sample matrices of 50 characters each; these matrices provide a comparison for the simulations. Figure 5 shows that the relationship between bootstrap proportions (bootstrapping done on the sample matrices) and the probability of an estimated branch being correct is virtually the same for the T7 phylogeny as it is in the simulations. Almost every internal branch with a bootstrap proportion above 70% defines a true clade, whereas fewer than 10% of the estimated branches with bootstrap proportions below 30% are correct.
The shape of the curves in Figures 4 and 5 can be understood by examining the frequency distributions of bootstrap proportions for correct and incorrect internal branches. In the simulations with four taxa (Table 2 ), there are only three possible unrooted trees (each with a unique internal branch). In Figure 6 , the results of two fourtaxon simulations are contrasted: simulation 11, in which the rate of change is appropriate for phylogenetic analysis, and simulation 15, in which the sequences are randomized among taxa by a high rate of change. In Figure 6a , the plot of bootstrap proportions against probability of a branch being correct takes on a shape similar to that for nine-taxon trees (Figs. 4,5) . In Figure 6b , the bootstrap frequencies for each of the three possible trees (one correct and two incorrect) are shown. These distribuBootstrap proportions FIGURE 8. The effect of increasing size of the data matrix on the relationship between bootstrap proportions and the probability of the corresponding clade being correct (from simulations 11, 18, and 19, all with four taxa).
tions are highly skewed in opposite directions, so that almost all the observations at the high end of the scale (>70%) correspond to the correct tree, and almost all the observations at the low end of the scale (<30%) correspond to one of the wrong trees. Compare this situation with that in Figure 6c : if characters are randomized among taxa by high rates of change, all bootstrap frequencies are equally likely to represent any of the three topologies (Fig.  6c) , although the number of trees with high bootstrap proportions will be relatively low (Fig. 6d) . At appropriate rates of change (simulations 18-20, 100-1,000 characters), an increase in the number of informative characters decreases the chances of a correct tree having a low bootstrap proportion or of a wrong tree having a high bootstrap proportion (Figs. 7, 8) . In simulation 20 (1,000 characters, 10% change between nodes), the correct tree was found in every bootstrap replicate on all 1,000 matrices.
The results presented in Figures 4-8 indicate that when conditions are favorable for phylogenetic analysis (i.e., equal and appropriate rates of change and symmetrical phylogenies), bootstrap proportions are highly conservative measures of the probability that the corresponding clade is true. To investigate the conditions under which bootstrapping might positively reinforce misleading results, we further investigated high rates of change, highly unequal rates of change, and asymmetrical tree topologies.
Although high rates of change do reduce the gap between the probability of cor-
Bootstrap proportions FIGURE 9. Relationship between bootstrap proportions and the probability of the corresponding clade being correct, as affected by different rates (10-40%) of internodal change. As internodal change approaches 40% of the characters, the bootstrap proportions approach the probability that the corresponding clade is correct.
rectly resolving a node and bootstrap proportions (Fig. 9) , the conservative nature of the bootstrap proportions is substantial throughout the range of rates typical of most phylogenetic studies. Only as internodal change approaches 40% are bootstrap proportions~close to the probability of correctly resolving the corresponding branch, at least in the four-taxon simulations (Fig. 9) . At such high rates of change, it is difficult to detect a significant amount of phylogenetic signal (Hillis and Huelsenbeck, 1992) , and phylogenetic analyses are rarely attempted with such rapidly evolving sequences.
Trees that contain long, undivided branches interspersed with short branches are particularly difficult to reconstruct (Felsenstein, 1978) . Such trees may exist if rates of evolution vary greatly among lineages or because of the timing of cladogenic events. In simulations 5-9, we examined the effects of various rates of change among terminal lineages. The results of the bootstrap analyses-of these simulations are shown in Figure 10 . For the nine-taxon topology tested ( Fig. 2a; Table I ), bootstrapping proportions above 50% are consistently conservative measures of accuracy when the ratio of the short: long terminal branches is less extreme than 1:5 (Fig. 10) . At more extreme ratios for the short: lone V branches, parsimony analysis becomes misleading, and branches with high bootstrap proportions are highly unlikely to be correct. However, under these extreme conditions, no clade (either correct or not) is likely to be represented in a high proportion of bootstrap replicates (Fig. lob) . For instance, among the 11,099 bootstrap proportions generated in simulation 9, none were >85% and only 17 were >65%.
Asymmetric phylogenies (Fig. 2b , simulation 10) also reduce the gap between bootstrap proportions and the probability of correctly resolving the corresponding branch (Fig. 11) . Nonetheless, the bootstrap proportions (above 50%) for even a completely asymmetrical phylogeny are below the probability of correctly inferring the existence of a clade when rates of change are equal.
CONCLUSIONS AND RECOMMENDATIONS
The factors that affect the performance of bootstrapping depend on the use to which it is applied. If one wants only a precise measure of a bootstrap proportion, with no connection between that value and any measure of repeatability or accuracy, then only the number of bootstrap iterations is of concern (Hedges, 1992) . However, the statistical meaning of such a measure is obscure: the measure may be precise, but what is it measuring? If one is interested in the repeatability of a given result (i.e., what would happen if someone were to draw a new set of characters that are evolving in the same way as the first set), then bootstrap proportions are rarely useful. With an infinite number of bootstrap iterations on a given data set, one would obtain a perfectly precise but highly inaccurate estimate of repeatability. The proportions from bootstrap pseudoreplications are likely to differ dramatically from proportions calculated by actual replications. Finally, if one is interested in the probability that a recovered group represents a true clade, then at least the following variables should be taken into account:
(1) number of characters, (2) number of taxa, (3) number of bootstrap iterations performed, (4) rate of change, (5) tree topology, (6) position of the group of interest within the tree, (7) variance of rates of change among lineages, (8) independence of characters, and (9) method of phylogenetic inference. Under a wide variety of conditions for the first seven of these variables using parsimony analysis of independently evolving characters, bootstrapping proportions above 50% are consistently much lower than the probability that the corresponding branch is correct. Because bootstrap results are typically presented in the form of a 50% majority-rule consensus tree, it is safe to assume that the bootstrap values are underestimates of phylogenetic accuracy unless (1) rates of change are highly unequal, (2) rates of change are high enough to randomize characters with respect to history, or (3) a systematic bias exists in the data set (such as lack of independence among the characters). The first two of these three conditions can be detected using existing methods (e.g., Allard and Miyamoto, 1992; Hillis and Huelsenbeck, 1992) . Systematic biases may be harder to address for some data sets, but all phylogenetic analyses rest
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FIGURE11.
Relationship between bootstrap results and the probability of the corresponding clade being correct for a completely asymmetrical topology (simulation 10, with nine taxa). For such a topology, the bootstrap proportions are still conservative measures of reliability but less so than for symmetrical topologies (contrast with Fig. 4 ).
on the assumption that the characters examined are evolving independently, so some effort is usually expended to ensure that this assumption has been met (e.g., Wheeler and Honeycutt, 1988) . Li (1992a, 1992b) have recently studied the four-taxon case (with and without a molecular clock) using analytical and simulation approaches. They studied the relationship between accuracy and bootstrap proportions in parsimony and neighbor-joining analyses and also found the bias that we report here for both types of analyses. For the four-taxon case, they recommended that bootstrap proportions could be used in a conservative assessment of accuracy as long as rates of evolution are not so variable that the phylogenetic method is inconsistent. Other previous studies of bootstrapping are also consistent with our finding that bootstrap proportions provide conservative estimates of accuracy under many conditions (e.g., Penny and Hendy, 1986) . In responding to our paper, Felsenstein and Kishino (1993) addressed the issue of bias in bootstrap analyses and concluded that this bias may be a more general phenomenon, associated with placing a probability value on a prespecified hypothesis, rather than a characteristic that is limited to bootstrapping.
If bootstrap analyses provide biased estimates of accuracy, is it worth undertaking these analyses at all? Bootstrapping may provide a relative ranking of the degree of support in a particular analysis for the various recovered clades. Sanderson (1989) concluded that these rankings are superior to other measures, such as number of characters supporting a given branch. The strong positive relationship between high bootstrap proportions and phylogenetic accuracy does indicate a use for bootstrapping. However, bootstrap results should not be interpreted directly as estimates of either repeatability or accuracy under most conditions. They are poor estimates of repeatability and are usually very conservative estimates of accuracy. Under many conditions, bootstrapping can be used as a highly conservative measure of accuracy, but the magnitude of bias will differ from branch to branch and study to study. The values cannot be directly compared among studies.
It may be possible to use retrospective simulation studies to calibrate bootstrap proportions so that these proportions can be converted into acceptable estimates of accuracy. Such studies would use a model phylogeny that is estimated from the initial sample to conduct simulations, which would be used in turn to calibrate the bootstrap proportions. It remains to be seen if biases in the initial phylogenetic estimate would adversely affect such retrospective simulations (=parametric bootstrapping; see Bull et al., in press ).
